Abstract. Diel and seasonal vertical distribution, life cycle and body allometry of Pleuromamma scutullata and Heterorhabdus tanneri were investigated in the Oyashio region during September 1996 through October 1997. Monthly samples were collected with 0.1 mm-mesh closing nets towed through five discrete depths between the surface and ≤2000 m. Copepodite stages 1 through 6 of P. scutullata and 3 through 6 of H. tanneri were collected effectively with the nets. Day-night samplings during December 1996, April and October 1997 revealed both species ascend at night.
Introduction
In the subarctic Pacific, the life histories of oceanic calanoid copepods have been studied extensively for large herbivorous species, such as Neocalanus spp., Eucalanus bungii and Metridia pacifica (Miller et al., 1984; Batchelder, 1985; Miller and Clemons, 1988) . Excepting these species, little is known about life cycles of other oceanic copepods in the subarctic Pacific.
in both species (one-way ANOVA at p=0.05 level): C2-C5 were distributed much shallower (282-290 m) than C1 and C6 (371-480 m) in P. scutullata, and C5 and C6 females were significantly shallower and deeper, respectively, than other stages in H. tanneri ( Figure 5 ). Based on the mean nighttime D50%, the vertical distribution range of P. scutullata (282-480 m) was much shallower than that of H. tanneri (600-819 m).
Population structure/life cycle
The abundance of each copepodite stage of P. scutullata showed a clear seasonal pattern (Figure 6 ). C1 was abundant in September, but few were collected in December-June.
C2 was numerous in October. The abundance peak seen in C1 shifted consecutively with development; C3 and C4 peaked in October-December, and C5 and adults peaked in April ( Figure 6 ). These patterns suggest that the life cycle of P. scutullata is annual.
Annual mean abundance (integrated over 0-≤2000 m) ranged 48-140 individuals m-2 for C1-C5 and was 435 individuals m-2 for adults. For adults, the female:male ratio ranged from 0.52:1 to 4.35:1, with an annual mean of 1.19:1.
In H. tanneri, C3 and C4 were abundant in June-July (Figure 7 ). C5 was numerous in September-October, and adults were numerous in December. Annual mean abundance of each copepodite stage ranged 72-262 individuals m-2. The female:male ratio of adults ranged 0.43:1 to 1.92:1, with an annual mean of 0.83:1.
Adult females carrying spermatophores occurred throughout the year and were most abundant in January-June (16-45% of adult females) (Figure 7 ). These results suggest that the life cycle of H. tanneri is annual.
Abundance data were used to estimate biomass (DW), by multiplying the individual number and DW of each copepodite stage mentioned below. Biomass thus calculated ranged 50-255 mg DW m-2 (annual mean= 111) for P. scutullata (bottom panel of Figure 6 ) and 40-169 mg DW m-2 (annual mean= 82) for H. tanneri (bottom panel of Figure 7 ). Table II) , resulting in constant b (power) values of 2.72-3.02. In P. scutullata, water content ranged from 66.6% (C3) to 84.8% of WW (C6 females), and ash ranged from 22.4% (C6 females) to 39.7% (C3) of DW. There were no significant differences in mean water or ash contents among developmental stages (one-way ANOVA, p>0.05).
As in P. scutullata, the WW-PL, DW-PL, and AFDW-PL relationships using data from H. tanneri closely fit the power regression model (r2=0.989-0.998, Table III 
Discussion

Vertical distribution
The occurrence of H. tanneri deeper than P. scutullata (Figures 3 and 5 ) agrees with the previous observations of Furuhashi (1966) , Minoda (1971), and Morioka (1972) . P. scutullata was distributed chiefly at 250-500 m depth during daytime, and part of the population migrated 20-249 m (calculation based on D50% values) toward the surface at night (Figure 3a) . The nocturnal ascent pattern and the magnitude of day-night vertical movement of P. scutullata observed in the present study confirm the previous results of Minoda (1971) , Marlowe and Miller (1975) , Hattori (1989), and Tsuda and Sugisaki (1994) . Most of the population of H. tanneri was found at 400-1000 m depth during daytime, and part of the population migrated near the surface at night (Figure 3b ).
The magnitude of the day-night migration of H. tanneri was 37-363 m (calculated based on D50% values), which is consistent with the observation by Minoda (1971) .
Thermal conditions in surface waters appear to be the prime cause of seasonal changes in the magnitude of day-night vertical movement of P. scutullata and H. tanneri Figure   3b ). In both species, day-night vertical distances were intermediate in December, when thermal conditions in the upper layer were between those in April and October.
Summer warming of surface waters appears to block the upward migration of some deep-living copepods (e.g. Moraitou-Apostolopoulou 1971). The extreme range of temperatures to which migrating P. scutullata encounter are 2.1-5.9oC (mean= 3.2oC), and that migrating H. tanneri encounter are 2.6-3.5oC (mean= 2.9oC).
Since season did not affect the vertical distribution patterns of C1-C5 and adults of P. scutullata and C3-C5 and adults of H. tanneri (Figure 4 ), between-stage comparisons were made for each species using pooled night D50% data ( Figure 5 ). C2-C5 resided much shallower than C1 and C6 in P. scutullata, and C5 and C6 females were significantly shallower and deeper, respectively, than other stages of H. tanneri ( Figure 5 ). Marlowe and Miller (1975) studied the vertical distribution and migration patterns of zooplankton at Station "P" in the eastern subarctic Pacific and categorized P. scutullata males, and H. tanneri copepodites and males as near bottom inhabitants of their sampling range (0-500 m), and P. scutullata females as vertical migrators that do not reach the surface. However, the present results (Figure 4 ) suggest that Marlowe and Miller's sampling range is too shallow to evaluate the vertical distribution of P. scutullata and H. tanneri. The deepest group for each species was adult females.
This feature appears to be common for oceanic calanoid copepods (cf. Osgood and Frost, 1994; Falkenhaug et al., 1997) .
Life cycle
Pleuromamma scutullata: For herbivorous copepods the abundance of phytoplankton is known to be the most important factor controlling the magnitude of their egg production (Runge, 1985; Hirche and Bohrer, 1987; Peterson, 1988) . The diet of P. scutullata includes diatoms, tintinnids, radiolarians and fecal pellet-like particles (Hattori, 1989; Toda et al., 1989) , therefore the reproductive activity of P. scutullata may be related to phytoplankton blooms in the Oyashio region. Since neither eggs nor nauplii were collected in the present study, the only information available about the reproduction of P.
scutullata is the abundance of adult females, which peaked in April when the phytoplankton bloom just started at the study site (Figures 2 and 6) . Presumably, an abundant supply of phytoplankton would enter the mesopelagic zone later in the blooming season. Nevertheless, assuming that P. scutullata reproduces during the phytoplankton bloom, the development time of eggs and nauplii would be 5-6 months at most, since C1 peaked in October 1997 or September 1996 ( Figure 6 ). The development time from C1 to adults was estimated to be 6-7 months by tracing the abundance peaks of each copepodite stage in Figure 6 . The odd gap of about two months seen between the abundance peaks of C4 and C5 may be due to sampling errors.
From this annual life scheme of P. scutullata, the copepodite development time is estimated to last 50-58% of the generation time (1yr), which falls within the general range of 45-68% established for various calanoid copepods reared in the laboratory (Landry, 1983; Webber and Roff, 1995) .
The annual mean abundance of P. scutullata adults (435 individuals m-2) was much greater than those of other copepodite stages (48-140 individuals m-2) (Figure 6 ), indicating that adults live longest among the copepodite stages. A very large stock of adults relative to copepodites at all times of the year may be indicative of a sort of population reservoir, the equivalent of the C5 resting stages of Neocalanus copepods (Miller et al., 1984) . The female:male ratio of adults (annual mean: 1.19: 1) suggests females live slightly longer than males. The longer adult stage implies P. scutullata may reproduce continuously throughout the year. However, the present results indicate that the phytoplankton bloom is the essential event for numerous successful life cycles of this copepod in the Oyashio region.
No comparable information is presently available regarding the life cycle of P. scutullata in the North Pacific. For the other Pleuromamma species, P. gracilis in the Adriatic Sea has three to four generations per year (Shmeleva and Kovalev, 1974) . P. robusta in the Rockall Trough of the North Atlantic Ocean has three generations per year (Park, 1997) . Thus, the 1 year life cycle considered for P. scutullata in the present study is much longer than for the other Pleuromamma species studied.
Heterorhabdus tanneri: The morphological characteristics of its feeding appendages suggest that H. tanneri is carnivorous (Arashkevich, 1969; Minoda, 1971) . Other Heterorhabdus species consume copepods, polychaetes, and other zooplankters (Harding, 1974; Hopkins, 1985; Nishida and Ohtsuka, 1996) . As a possible reflection of carnivorous feeding habit the major reproductive season of H. tanneri, as judged by the abundance of adults, is December (Figure 7) , well before the onset of the spring phytoplankton bloom in the Oyashio region. The year-round occurrence of adults carrying spermatophores (Figure 7) suggests a possible continuous reproduction of H.
tanneri throughout the year. Although high proportions of specimens carrying spermatophores in females were seen in January-June, the seasonal abundance of C3-C5 suggests strongly that those born in December form most of the population. An obvious advantage of this life cycle timing of H. tanneri is that the drastic increase in WW, DW or AFDW from C3 to adults is achieved during the season rich in animal-food, which is May-September in the Oyashio region (Odate, 1994; Saito et al., 1998) .
In the only comparable work on the life cycle of H. tanneri, Koeller (1977) studied the isolated population of this species in the fjords of British Columbia. There, adults of H. tanneri are abundant throughout the year, but the juveniles are numerous only in summer (Koeller, 1977) . While Koeller (1977) 
Developmental characteristics
The present use of preserved specimens in formalin for WW, DW, and AFDW determinations may not be valid since loss of organic matter could occur during storage (Hopkins, 1968; Fudge, 1968) . Nevertheless, the magnitude of error caused by formalin preservation is relatively small and unimportant for broad comparisons between stages of dissimilar species (cf. Gruzov and Alekseyeva, 1970) . The constant b values of the regression lines of WW, DW, and AFDW on PL of H. tanneri were consistently greater (3.46-3.91, cf. Table III) than those of P. scutullata (2.72-3.02, cf. Table II ), indicating that H. tanneri accumulates body mass more greatly per unit increase in PL. This is more evident in between-stage increases in PL, WW, DW, and AFDW of these two species (Figure 8) , i.e. in AFDW for P. scutullata. This difference in development pattern between these two species explains why the present use of the 0.10-mm mesh nets retained all copepodite stages of the smaller P. scutullata (adults: 2.2-2.6 mm, Table   II ), but only C3-adults of the larger H. tanneri (adults: 2.7-2.9 mm, Table III ).
Extrapolation of between-stage growth in PL of H. tanneri suggests that their C1 and C2 are too small to be retained by 0.10-mm nets. Ikeda and Hirakawa (1996) calculated the between-stage growth of all naupliar and copepodite stages of the mesopelagic copepod Paraeuchaeta elongata and noted a pronounced growth between C3 and C4 (52-53% in PL, 376-391% in WW, 541-550% in DW, 525-531% in AFDW). Except for WW, which showed a maximum at the C3/C4, between-stage increments in DW and AFDW of H. tanneri showed no appreciable differences between C3 and C6 (Figure 8 ). Water content and ash amount were nearly constant for C1-adults in P. scutullata, but varied in H. tanneri (Tables II   and III) . Extremely low water and ash content in C3 of H. tanneri strongly suggest that large amounts of lipid are deposited during this stage, as was noted for the larvae of the mesopelagic mysid Meterythrops microphthalma (Ikeda, 1992) . Compared with adult females of P. scutullata, the lower ash of females of H. tanneri may be indicative of production of lipid-rich eggs by the latter. The present results for P. scutullata and H. tanneri, combined with those of P. elongata (Ikeda and Hirakawa, 1996) , show clearly that material accumulation patterns in the course of development are quite speciesspecific among mesopelagic copepods. Presently available information about this accumulation pattern is too limited to make strong generalizations about the life of copepods living in mesopelagic realm of the ocean. 
